Background: Primary diffuse large B-cell lymphoma of the central nervous system (PCNS-DLBCL) is a distinct clinicopathological entity with a poor prognosis. Concurrent MYC and BCL2 overexpression predicts inferior prognosis in systemic DLBCLs. However, the prognostic significance of MYC and BCL2 in PCNS-DLBCL remains elusive.
Background
Primary diffuse large B-cell lymphoma of the central nervous system (PCNS-DLBCL) is a distinct subtype of DLBCL that primarily arises in the intracranial and intraocular areas [1] . PCNS-DLBCL has a poorer prognosis than systemic DLBCL. This may be due to the fact the blood brain barrier makes it difficult for chemotherapeutic agents to penetrate, that the site of involvement is immune-privileged, and that the cell of origin is mainly a non-germinal center B-cell [2] .
To determine the prognosis of PCNS-DLBCL, several scoring systems, which are mostly based on clinical features, have been recommended. The international extranodal lymphoma study group (IELSG) suggested that age (>60 years), performance status (PS) (≥2), elevated serum lactate dehydrogenase (LDH) levels, a high cerebrospinal fluid (CSF) protein concentration, and involvement of deep brain structures (periventricular regions, basal ganglia, brain stem, and/or cerebellum) are significantly associated with a poor prognosis. This scoring system was validated in patients treated with high-dose methotrexate-based chemotherapy [3] . In contrast, the Nottingham/Barcelona score, which incorporates age ≥60, PS ≥ 2 and multifocal disease, showed a prognostic impact in patients treated with CHOD/BVAM or BVAM chemotherapy followed by radiotherapy [4] . Meanwhile, the Memorial Sloan-Kettering Cancer Center (MSKCC) prognostic model is able to classify patients into class 1 (age ≤50 years), class 2 (age >50; Karnofsky performance score (KPS) ≥70) and class 3 (age >50; KPS <70) with prognostic significance [5] . However, there is still no consensus about prognostic scoring systems in PCNS-DLBCL. Moreover, the pathological and biological prognostic factors for PCNS-DLBCL remain unknown.
Recent studies have shown that concomitant MYC and BCL2 expression predicts inferior survival in systemic DLBCL patients treated with rituximab-CHOP [6, 7] . Moreover, coexpression MYC and BCL2 was found to have prognostic value in patients with DLBCL independent of cell of origin, but is related to a high-risk gene expression signature [7] . Thus, MYC and BCL2 coexpression status is very helpful for risk stratification along with the international prognostic index (IPI) score in systemic DLBCL [6, 7] . Meanwhile, only a few studies are available on MYC and BCL2 expression in PCNS-DLBCL [8] [9] [10] . However, these studies have demonstrated conflicting results in terms of prognostic significance of MYC and BCL2 status in patients with PCNS-DLBCL. A study on 47 patients with PCNS-DLBCL showed that MYC, BCL2 and BCL6 were frequently coexpressed but had no prognostic significance [8] . Another study demonstrated that MYC expression, with or without BCL2 coexpression, was not predictive of clinical outcome in 59 patients with PCNS-DLBCL [9] . In contrast, MYC expression was associated with poor prognosis in a study on 42 patients with PCNS-DLBCL [10] . Thus, we comprehensively investigated the expression of MYC, BCL2 and BCL6, and their association with clinicopathological characteristics and prognosis in a large cohort of PCNS-DLBCL patients.
Methods

Patients
In total, 114 patients diagnosed with PCNS-DLBCL managed at Seoul National University Hospital (SNUH, Seoul, Korea) between 2000 and 2012 were included in this study. Pathologic diagnosis was performed according to the current World Health Organization (WHO) classification of Tumors of Hematopoietic and Lymphoid Tissues [1] . Tumor tissues were obtained before treatment in all patients. Clinicopathological and survival data were retrieved from medical records by three hemato-oncologists (E.L, T.M.K and D.S.H) and from the review of pathological material by three pathologists (S.K., S.J.N and Y.K.J). This study followed the World Medical Association Declaration of Helsinki recommendations and was approved by the Institutional Review Board (IRB) of SNUH (IRB No. 1506-080-681). Informed consent for participation in the study was waived by the IRB of SNUH on the basis that this study was a retrospective study using archived material and did not pose increased risk to the patients.
Immunohistochemistry
Immunohistochemistry (IHC) was performed using antibodies against MYC (clone EP121, Cell Marque, Rocklin, CA, USA), BCL2 (clone 124, DAKO, Carpinteria, CA, USA), BCL6 (clone LN22, Novocastra, Newcastle, United Kingdom), CD10 (clone 56C6, Novocastra), and MUM1 (clone Ma695, Novocastra). IHC staining was performed using the Ventana Benchmark XT system (Ventana Medical Systems, Tucson, AZ, USA) or a Bond-Max automated immunostainer (Leica Microsystems, Melbourne, Australia). Cell of origin was assessed according to the Hans criteria [11] . IHC score was determined to be the percentage of tumor cells with robust immunostaining evaluated by 10 % increments. Cutoff values (i.e. IHC scores) of ≥40 % for MYC, ≥30 and ≥60 % for BCL2 and ≥50 % for BCL6 were determined to have discriminant prognostic power based on the receiver operator characteristic (ROC) curves and were thus used for classifying cases into MYC-, BCL2-or BCL6-negative and-positive groups.
Statistical analysis
A comparison of clinicopathological parameters was performed by Chi-square, Fisher's exact, and Student's t-tests. PFS and OS were analyzed using the Kaplan-Meier method and the log-rank test. Univariate and multivariate analysis were performed using the Cox proportional hazards regression model. All statistical analyses were performed using SPSS software (version 21; IBM Corp., Armonk, NY, USA). Two-sided P values <0.05 were considered statistically significant.
Results
Clinicopathological features of patients with PCNS-DLBCL
The clinicopathological characteristics and treatment modalities of 114 patients with PCNS-DLBCL are summarized in Table 1 . The patient population included 65 (57.0 %) males and 49 (43.0 %) females with a median age of 61 years (range 10-82 years). Most patients had experienced neurologic deficits as the initial symptom (78/114, 68.4 %), and had a KPS score ≥70 (97/111, 87.4 %) and an ECOG PS <2 (73/112, 65.2 %) at diagnosis. Deep structure involvement (84/114, 73.7 %) and multifocality (72/114, 63.2 %) were frequently observed. The majority (89/113, 78.8 %) of cases were of non-germinal center B-cell origin, which was higher than in systemic DLBCL patients in our institute (63 %) [12] . In total, 52.7 % (48/91) of patients had an IELSG score ≥ 3, 52.7 % (59/112) of patients had a Nottingham-Barcelona score ≥2 and 79.8 % (91/112) of patients were classified as MSKCC class 2 or 3. Most patients received high-dose methotrexate-containing chemotherapy including high-dose methotrexate, vincristine and procarbazine (MVP) (79/97, 81.4 %) or high-dose methotrexate (HD-MTX) (14/97, 14.4 %), and 58.8 % (57/97) of patients were treated with combined MVP and radiotherapy.
The five-year PFS and OS based on clinicopathological variables are shown in Table 1 . Older patients (age >60) had a shorter OS (P = 0.014), and patients with KSP <70 and multifocal lesions had a shorter PFS (P = 0.001 and 0.037, respectively). The non-germinal center phenotype tended to have a poorer PFS, but this did not reach statistical significance (P = 0.073). Patients with a NottinghamBarcelona score ≥2 or MSKCC class 2 or 3 had a shorter PFS (P = 0.001 and 0.008, respectively). The IELSG scoring system showed inconclusive results, in that patients with an IELSG score ≥3 had a tendency to show better PFS (P = 0.093) and worse OS (P = 0.054). The treatment modalities including the chemotherapeutic agent, use of radiotherapy, rituximab or intrathecal-MTX were not associated with patient clinical outcomes in the total patient group. However, in the MVP-treated group, patients receiving radiotherapy showed a better prognosis than did those who did not receive radiotherapy (for PFS, P = 0.078; for OS, P = 0.001) (data not shown).
Relationship between MYC, BCL2, and BCL6 expression and clinicopathological features
Representative IHC images of MYC, BCL2 and BCL6 are shown in Fig. 1 . The proportion of tumor cells expressing MYC (i.e., MYC IHC score) was estimated as 18.16 ± 19.58 % (mean ± SD) (median: 10, range: 0-80 %). Using a cutoff score of 40, 21 (18.1 %) of the 114 cases were placed in the MYC-positive group. The BCL2 IHC score was also measured, with an average score of 58.86 ± 35.07 % (median: 70, range: 0-100 %); 87 (75.0 %) and 68 (59.6 %) of the 114 cases were classified as BCL2-positive using cutoff score of 30 and 60, respectively. The average BCL6 IHC score was 39.39 ± 37.66 % (median: 25, range: 0-100 %), and 51 (44.0 %) of the 114 cases were classified as BCL6-positive using a cutoff score of 50. Taken together, MYC and BCL2 dual-positive cases accounted for 15.8 % (18/114) of PCNS-DLBCLs, while MYC and BCL2 dual-negative cases accounted for 21.9 % (25/114) with a BCL2 cutoff score of 30. In addition, MYC and BCL2 IHC scores were positively correlated (Spearman's rho = 0.320, P = 0.001), but MYC and BCL6, and BCL2 and BCL6 IHC scores were not (Additional file 1: Figure S1 ).
Among the 57 patients treated with combined MVP and radiotherapy (MVP-RT hereafter), 12.3 % (7/57) were designated as MYC-positive using a cutoff score of 40, and 71.9 % (41/57) and 54.4 % (31/57) of the cases were classified as BCL2-positive using cutoff scores of 30 and 60, respectively; 49.1 % (28/57) of the cases were classified as BCL6-positive using a cutoff score of 50. Taken together, MYC and BCL2 dualpositive cases accounted for 12.3 % (7/57; with a BCL2 cutoff score of 30) and 10.5 % (6/57; with a BCL2 cutoff score of 60), while MYC and BCL2 dual-negative cases accounted for 28.1 % (16/57; with a BCL2 cutoff score of 30) and 43.9 % (25/57; with a BCL2 cutoff score of 60) of patients in the MVP-RT group.
The relationship between MYC, BCL2 and BCL6 expression and clinicopathological features are summarized in Table 2 and Additional file 2: Table S1 . Patients aged > 60 years tended to be BCL2-positive more often (P = 0.051), and higher MSKCC class was significantly associated with MYC and BCL2 positivity separately (P = 0.012 and 0.008, respectively) ( Table 2) and with MYC and BCL2 coexpression (P = 0.022 by Fisher's Exact Test) (data not shown). Cases of nongerminal cell origin were BCL2-positive more often (P = 0.005), but were BCL6-negative (P = 0.013) ( Table 2 and Additional file 2: Table S1 ). There were no other correlations between clinical parameters and MYC, BCL2 or BCL6 expression. In addition, MYC, BCL2 or BCL6 positivity did not differ by treatment modality (data not shown). Among the patients of MVP-RT group, no significant relationship was observed between clinicopathological features and the MYC and BCL2 expression status except for higher expression of MYC in female than in male (P = 0.039) (data not shown). 
Prognostic significance of MYC, BCL2 and BCL6 expression
Kaplan-Meier survival analysis demonstrated that MYC expression (cutoff score 40) was significantly associated with a shorter PFS (P = 0.027) in patients with PCNS-DLBCL (Fig. 2a ), but not with OS (Fig. 2b) . In contrast, higher BCL2 expression was significantly related to a shorter OS (P = 0.010 with a cutoff score of 30 and P = 0.031 with a cutoff score 60), but was not related to PFS (Fig. 2c-f ). BCL6 expression had no prognostic significance. Patients who were negative for both MYC and BCL2 (cutoff score 30) showed better OS than patients positive for either (P = 0.014) ( Fig. 3a and b) . Patients with dual positivity for MYC and BCL2 (cutoff score 30) exhibited worse PFS than that of the others (P = 0.041) ( Fig. 3c and d ), but its statistical significance was lower than that observed by comparing MYC expression status alone (Fig. 2a) . After incorporating both age and prognostic score into a multivariate analysis, MYC and BCL2 expression lost its prognostic impact, and a higher Nottingham-Barcelona score (≥2) and age remained as independent prognostic indicators for PFS (P = 0.032) and OS (P = 0.044), respectively (Table 3) . Among patients with PCNS-DLBCL treated with MVP-RT, MYC expression (cutoff score of 40) was associated with a shorter PFS (P = 0.011) (Additional file 3: Figure S2 ). BCL2 overexpression (cutoff score of 60) was significantly related to a shorter OS (P = 0.025) (Additional file 3: Figure  S2 ). In the MVP-RT group, patients with dual positivity for MYC and BCL2 (cutoff score of 60) exhibited worse PFS than that of the others (P <0.001) (Fig. 3e) , and those who were negative for both MYC and BCL2 (cutoff score of 60) showed better OS than that of patients positive for either (P = 0.033) (Fig. 3f) . Furthermore, in multivariate analysis, MYC and BCL2 coexpression was an independent factor for poor PFS (P = 0.010; hazard ratio = 4.372) ( Table 4) .
Discussion
This study demonstrated that MYC and BCL2 overexpression was significantly associated with a high MSKCC class, and was related to shorter PFS and OS in patients with PCNS-DLBCL. This study showed that MYC overexpression was associated with poor PFS in PCNS-DLBCL, which was partly consistent with Tapia et al.'s study [10] , but different from previous reports by Brunn et al. and Gill et al. [8, 9] . Tapia et al. reported that MYC overexpression (using a cutoff score of 30) was related to poor OS, while the latter studies showed that MYC expression was not associated with PCNS-DLBCL prognosis. In this study, the mean MYC expression score was 18.16 ± 19.58 and the MYC positive rate using a cutoff score of 40 was 18.1 %, which were much lower than those observed in previous reports. Previous studies on PCNS-DLBCL reported a mean MYC expression score of 29-50 and MYC positive rates ranging from 43 to 82 % with cutoff values of 30 or 40, and an unreported cutoff score in one case [8] [9] [10] . However, antibody and racial differences (Western vs. Asian) may account for these discrepancies. MYC immunostaining in systemic DLBCLs, particularly in cases without MYC gene translocation, is heterogeneous. Thus, the feasibility of interpreting and scoring MYC expression using IHC in DLBCL has been questioned [13] . We performed MYC fluorescence in situ hybridization in PCNS-DLBCL cases with MYC overexpression as reported previously [14] . Of note, in this study, only 2 (12 %) of 17 patients with MYC overexpression had a MYC translocation, and another two patients showed increased MYC copy number (ICN) (Additional file 2: Table  S2 ). In contrast, approximately 25 % of the MYC overexpressing systemic DLBCLs showed MYC gene translocation [15] . Thus, translocation and ICN did not appear to explain MYC overexpression in most cases of PCNS-DLBCL, consistent with a previous report [10] . MYC overexpression in PCNS-DLBCL might result from other mechanisms such as a mutation of MYC and posttranscriptional or post-translational regulation. In addition, Fig. 2 Progression-free survival (PFS) and overall survival (OS) of patients with PCNS-DLBCL according to MYC or BCL2 expression status. a and b PFS and OS according to MYC protein expression status (cutoff score 40) are plotted using the Kaplan-Meier method and analyzed by the log-rank test. PFS and OS according to BCL2 protein expression status using a cutoff score of 30 (c and d), or with a cutoff score of 60 (e and f) are plotted using the Kaplan-Meier method and analyzed by the log-rank test post-genetic or epigenetic regulation of MYC expression in PCNS-DLBCL may lead to heterogeneous MYC immunostaining. Meanwhile, concordance of MYC scoring between hematopathologists was much lower when interpreting entire tissue sections rather than a tissue microarray using a 1-mm core [13] . In this study, whole tissue sections were used and the largest series of patients with PCNS-DLBCL was evaluated based on treatment modality, and MYC overexpression was found to have prognostic value.
The rate of BCL2 expression in PCNS-DLBCL varies, which might also be attributable to the use of different antibodies and different cutoff values for determining overexpression [8, 9, [16] [17] [18] [19] . Previous studies reported a wide range of BCL2 expression rates (56-92 %) with various cutoff scores from 25-70. We observed that Fig. 3 Progression-free survival (PFS) and overall survival (OS) of patients with PCNS-DLBCL according to combined MYC and BCL2 expression status. a and b PFS and OS of patients without expression for either MYC or BCL2 (double-negative) versus other groups are plotted using the Kaplan-Meier method and analyzed by the log-rank test. c and d PFS and OS of patients with concomitant MYC and BCL2 expression (double-positive) versus other groups are plotted using the Kaplan-Meier method and analyzed by the log-rank test. e and f PFS and OS of patients treated with combined MVP and radiotherapy according to the MYC and BCL2 expression status were plotted using the Kaplan-Meier method and analyzed by the log-rank test 75.0 % (87/114) of PCNS-DLBCL cases were BCL2-positive using a cutoff score of 30, similar to a previous report by Tapia et al. [10] . In their study, BCL2 positivity was observed in 71 % of PCNS-DLBCL cases, but had no relationship with prognosis [10] . In contrast, the present study demonstrated that patients with PCNS-DLBCL and BCL2 overexpression tended to have a shorter PFS and had significantly poorer OS, suggesting that BCL2 may potentially be used as a prognostic marker.
In this study, MYC and BCL2 expression lost their prognostic significance after multivariate analysis. This may be partly attributable to the fact that MYC and BCL2 expression was significantly associated with higher MSKCC class. The MYC and BCL2 coexpression rate was 15.8 % (18/114) of PCNS-DLBCLs, which was much lower than values from previous studies including 29 % (12/41), 60 % (35/59) and 82 % (41/50) of PCNS-DLBCLs and 34 % (157/466) of systemic DLBCLs [7] [8] [9] [10] , but was similar to the rate (21 % [64/ 304]) reported in another study on systemic DLBCLs [6] . In this study, patients with PCNS-DLBCL and concomitant MYC and BCL2 overexpression showed poor PFS (P = 0.041), and those lacking both MYC and BCL2 overexpression had a prolonged OS (P = 0.014). However, the statistical significance of MYC and BCL2 dual-positivity on the PFS of patients was diminished compared to MYC positivity alone (P = 0.027). Similar to the present study, Tapia et al. reported that high MYC expression was associated with a lower OS, but that concurrent expression of MYC and BCL2 showed a tendency towards a lower OS with no statistical significance [10] . However, in this study, when analyzed in patients with PCNS-DLBCL treated with combined MVP and radiotherapy, MYC and BCL2 dual-positivity was an independent prognostic factor for poor PFS. Thus, MYC and BCL2 coexpression in PCNS-DLBCL seems to have prognostic value, although it is limited compared with systemic DLBCL.
Several previous studies are available on BCL6 expression and its prognostic impact on PCNS-DLBCL. BCL6 expression rates from 46 to 79 % of PCNS-DLBCL cases with cutoff scores from 10-60 have been reported [16, 18, [20] [21] [22] . The prognostic implications of BCL6 for PCNS-DLBCL are largely conflicting [10, 16, [19] [20] [21] [22] [23] [24] [25] . The results of this study further suggest that BCL6 may have little, if any, prognostic value for PCNS-DLBCL. Non-GCB phenotype tumors were the predominant PCNS-DLBCL type in this study, and no association between cell of origin and prognosis was found, which is consistent with previous reports [9, 26, 27] . Unexpectedly, patients with high serum LDH levels had a more favorable PFS than that of patients with normal serum LDH levels. In addition, the results of this study show that alleged prognostic scoring systems, including Nottingham-Barcelona and MSKCC, reflect PFS but not OS. The reason for these discrepancies is not known, and we were unable to deduce the reasons over the course of this study; however, these results might support the idea that PCNS-DLBCL prognosis is dependent on multiple, complex factors. This study has some limitations. It was a retrospective study, and therapeutic modalities were not completely homogeneous between patients. However, to the best of our knowledge, this study is the largest performed on the expression of MYC, BCL2 and BCL6 PCNS-DLBCL with long-term follow up, and the first report on the 
